Abstract. The reaction kinetics of the esterification of ethylene glycol with acetic acid in the presence of cation exchange resin has been studied and kinetic models based on empirical and Langmuir approach has been developed. The Langmuir based model involving eight kinetic parameters fits experimental data much better compared to empirical model involving four kinetic parameters. The effect of temperature and catalyst loading on the reaction system has been analyzed. Further, the activation energy and frequency factor of the rate constants for Langmuir based model has been estimated.
INTRODUCTION
The growing international energy crisis coupled with rising oil prices and increasing awareness on environment and pollution have made fuels derived from bio-mass an attractive alternative. The bio-oil produced during process of pyrolysis of bio-mass is now-a-days an emerging technology for the production renewable fuels and value added chemicals. The ethylene glycol obtained from bio-oil fraction can be utilized to produce ethylene glycol mono-and di-acetate that has suitable property for its application as a coolant. Development of kinetic model for industrially important reaction is quite useful for design and scale-up of the reactor.
The esterification of ethylene glycol with acetic acid in the presence of cation exchange resin is a reversible reaction and proceeds in two steps as shown in Scheme 1 [1] . Though earlier it was widely believed that esterification reactions catalyzed by a solid resin is essentially secondorder reversible after an initial slow period [2] , recent studies have shown that kinetic expressions based on the reactant and product adsorption on the catalyst represent the experimental results better [3] [4] . Bart et al. stated that the adsorption of acid on the catalyst was also significant along with the fact that the reaction takes place between the adsorbed molecules of alcohol and that of acid in the bulk solution [5] . It was also reported that the use of activities instead of concentrations results only a slight improvement in the kinetic model [3] . In the present work, the kinetic models of esterification of ethylene glycol have been developed. The effect of temperature and catalyst loading on the reaction system has been studied and activation energy for the models developed has been calculated. SCHEME 1. Esterification of ethylene glycol with acetic acid.
MODELING
The kinetic modeling of esterification of ethylene glycol involves five components namely, ethylene glycol, acetic acid, ethylene glycol monoacetate, ethylene glycol diacetate, and water. Two kinetic models, empirical model and Langmuir-based model, were developed to correlate the experimental concentration versus time data [6] .
Empirical Model
In this model, the esterification and hydrolysis reactions was modeled considering 2 nd order reaction [3] . An ideal homogeneous model was considered where all reactions took place in liquid phase with the catalyst used in granular form.
Additionally, the mass-transfer resistances are considered to be negligible. The material balance of five components involved in the reaction system was done as shown by following five equations:
Langmuir Kinetic Model
In the present work a kinetic model based on Langmuir approach was also developed. In this model, the reactions are considered as surface reaction controlled. It is also assumed that only EG, AA, EGMA, and EGDA were adsorbed on the surface of the catalyst. The rate of formation of the five components is given by the following differential equations.
Where,
PARAMETER ESTIMATION
The fourth-order Runge-Kutta method was used to solve the differential equations involved in the models. The developed empirical model involves four rate constants and Langmuir-based model involves four rate constants and four equilibrium constants. The experimental data at various temperatures and catalyst loading available in literatures were used to estimate the kinetic parameters involved in the models using Levenberg and Marquardt algorithm. The optimization function, E, used for estimation of parameters is given below.
RESULTS AND DISCUSSION
The estimated kinetic parameters for different catalyst loading using are shown in Tables 1-3 and Table 4 -6 for Empirical and Langmuir based model respectively. For both of the developed models, the rate constants were found to increase with increasing temperature and catalyst loading. 2. (a) Comparison of concentration profile of components during esterification of Ethylene alcohol with acetic acid at 333K using 1wt% catalyst using Langmuir based model. (b) Arrhenius plot for reaction rates using 1wt% catalyst loading using Langmuir based model The Langmuir based model involving eight parameters gave more accurate results than the four parameter based empirical model. The minimum average absolute deviation obtained using Langmuir based model was 11.45% compared to 12.4% obtained using empirical model at 333K with 0.5 (w/v) % catalysts loading. Average absolute deviation for all other conditions were also found to be lower in case of Langmuir based model than that of empirical model. Hence Langmuir based model is best suited for the reaction scheme under consideration. The Figure 2 (a) shows a comparison of experimental and calculated concentration profile Langmuir based model based on estimated parameters for a typical batch experiment at 333K using 1 wt% catalyst loading.
The temperature dependence of the rate constants is k 1 , k -1 , k 2 , k -2 is described by Arrhenius Law as given by k=k 0 exp (-E/RT). The Arrhenius plot of ln(k) versus 1/T was made for different catalyst loading for Langmuir based model. Figure 2(b) shows a typical Arrhenius plot for 1 wt% catalyst. The frequency factors, k 0 , and activation energy, E, of each rate constants were estimated from the slope and intercept of the linear fit lines of the Arrhenius plot as shown in Table 7 . As shown in the table, the activation energy decreased on increasing the catalyst loading as expected. 
CONCLUSIONS
The kinetic model for esterification of ethylene glycol with acetic acid in the presence of solid acid catalyst has been developed in the present work. Two kinetic model, (1) empirical model and (2) Langmuir, was developed and an algorithm based on Levenberg and Marckward was developed to estimate the kinetic parameters involved in the models. It was observed that the Langmuir model involving eight kinetic parameters fits experimental data much better compared to empirical model involving four kinetic parameters. The rate constants estimated at different temperature was used to develop the Arrhenius relationship of the different rate constants. The minimum activation energy 6.151 KJ/mol was obtained at 363K temperature and 1.5wt% of catalyst loading for the forward rate constant k 1 .
